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I INTRODUCTION TO PART ONE 
An investigation of the weight ratio of hafnium to zir-
1 
conium in ores fram widely separated regions of the world 
1) Through the kindness of Dr. A. w. SChlecten, ores from 
India, Australia, South America, and North America were made 
available for this investigation. 
was undertaken to extend knowledge on this ratio obtained by 
modern means and to compare with the results of previous in-
vestigators. This type of information is of interest in geo-
Chemical considerations and the value of some similar infor-
mation in the literature has been vitiated by the relatively 
recent finding ~t past methods of analysis are not satis-
2 
factory. The specific radioactivity of the origina~ ores 
2) Dr. C. Feldman in a personal connnunication to Dr. R. A. 
Coo1ey. 
was determined in an attempt to check the proposition origi-
3 
nated by Hevesy and apparently generally he~d by geoChemists 
3) Heveay, G. von, J. of Chem. Soc. PP 1-14, (1931) 
~at the radioactivity of an ore is a measure of ita hafnium 
content. 
Knowledge of the hafnium to zirconium ratio and ita var-
iation in ores is important in that it may make possible the 
development of a theoretical basis for the location of ores 
having a high hafnium content. It appears tl1at a thorough 
knowledge of the hafnium to zirconium ratio distribution 
~roughout the world could contribute to astrochemical theo-
ries on the formation of the earth because zirconium and 
4 
hafnium are probably ~~e least likely pair of elements to be 
separated by natural processes after their initial introduc-
tion into the earth. 
Engineering interest is increasing in the potential uses 
of pure hafnium and pure zirconium in two fields: atomic 
power production and jet propulsion. Zirconium is of inter-
est in atomic power development because it has a relatively 
4 
low cross section of about 0.5 barn with respect to ~e 
4) Clark, E. T., Irvine, ~. W. ~r., Phys. Review 70, 893 
(1946) 
neutron gamma ray reaction and ita tensile strength at high 
temperatures (Zirconium has a modu1us of elasticity in ten-
5 
sion of 11•106 as compared to 10•106 psi for aluminum) aug-
5) pp. 2o, Metals Hand Book, Am. Inat. of Min. and Meto Engr. 
(1948) 
gests its use as a structural material in atomic p~les. The 
cross section of hafnium is high (about 10 barns).6 This 
6) Seren, L. et al 1 Phys. Review, 72, 888 (1947) 
indicates why zirconium used for atomic piles shou1d be free 
of hafnium. Hafnium is of interest in the jet propulsion 
field because of the fact that a mixture of hafnium and tan-
talum carbide has a melting point of 4220~, which is higher 
than that of any other known substance suitable for this pur-
7 
pose. It may be suitable for use in high temperature combus-
7) Hevesy, G. von, Cornell Lectures, Chemical Analysis by X-
rays and its applications, McGraw-Hi11 Book Co.,pp 197(1932) 
tion ~bers. Figure 1 gives the melting points of mix-
tures of tantalum and hafnium carbide and illustrates a 
striking example of a mixture of two solids having a higher 









Molecular 0 25 50 75 100 % TaO 
Composition 100 75 50 25 0 % HfC 
Fig. 1 ~C-TaC Melting Points 7 
5 
The separation of hafnium and zirconium from other ele-
ments in a mineral or ore can be laborious, al.though probably 
not as difficult as separating hafnium from zirconium. A 
systematic CheCk of ~e effect of oa.mplexing action of or-
ganic and ~neral acids for separating purposes has only re-
a 
cently been started for zirconium. In reviewing the litera-
8) Connick, R. E., and McVey, 'W'.m. H., :r. Am. Cliem. Soc. 71, 
3182 (1949J 
ture it was noted that in several instances the description 
of the method of Chemical analysis was ei~er omitted or in-
adequate and it is believed ~t the ratio of hafnium to zir-
conium may have been altered by certain of the methods of 
ana1ys1e used. 
6 
The growing importance of the pure hafniuu~ and zircon-
ium metals is a.l.so indicated by the government's interest in 
encouraging research and commercial. production of these met-
als. As early as 1948 one government agency expressed an 
interest and ability to invest $1,000,000 in a development 
program aimed at producing pure hafnium. On November 20, 
9 
1950, it was announced that high purity hafnium. metal. had 
g) Chem. Eng. News, November 20, 1950,;_-..:.;,,z 
been made in pound quantities at the Yi2 laboratories at the 
10 
Oak Ridge National. Laboratory. Kroll estimates the price 
10) Krol1, w. J. Mining and Met. 27, 262 (1946) 
of hafnium to be $13,000 per pound. 
II REVIE"W" OF THE LITERATURE 
A review of the 1iterature pertinent to hafnium and in-
dexed in Chemical Abstracts from January 1923 to January 1950 
was made. Approximately 150 abstracts were studied. This 
review showed that relatively little work has been done on 
determining ~e hafnium to zirconium ratio in minerals. A1l 
of the results judged worthwhile are presented in Table I. 
It is interesting to note that the moat recent information 
17 
in the ta.ble was obta.ined in 1937. No clea.r correlation of' 
this re.tio with any other possible variable of' interest was 
found in the literature. 
7 
TABLE I 
'WEIGHT RATIO OF HAFNIUM TO ZIRCONIUM IN VARIOUS MINERALS 
AND ORES 
Description Ref. Formula or Analyses Hf'/Zr 
(by wt) 
1 Baddeleyite, Brazil 
distinct crystals 
2 Baddeleyite, Brazil 
12 Zr02 •••••••••••••••••• O.Ol405 
3 Baddeleyite, Brazil 
Sierra de Cal.das 
4 Zirconia ore, Brazil 
Fa vas 







6 Zircon 12 
7 Zircon. Nor'Way 12 
Brevik, red-brown 
8 Zircon, Norwa7 12 
Fredriksvarn,brown 
9 Zircon, greyish 12 
brown miaso 
10 Zircon, Austria 13 
Carinthioe, 
colorless 
11 Zircon, -·Norway 13 
red-brown 















13 Zircon, greyiSh 
brown miasc 
13 Fe02 :1.19; Si02 :32.44; Hf02 :5.4; zro2 :59.92 •• 0.1032 
14 Zircon, RUssia, Ural 15 
15 Zircon, - Canada 15 
Ontario 
16 Zircon, Norway 15 
Lorvik 





TABLE I (Continued) 
Description Ref. li'ormul.a or Anal.yses 
18 Zircon, Avigait 15 
19 Zircon, N. Carolina 17 
20 Zircon, Madagascar 17 
21 Zircon, Ceylon 1? 
22 Zircon, Minas Geraes 1 7 
Pocos de Caldas 
23 Zircon, Norway 17 
Langesund:fjord 
24 Zircon, Ceylon 17 
Wa~acue Ganga 
25 Zircon, Madagascar 17 
Mesa tanana 
26 Zircon, Russia 17 
I~engeberge,Ura~ 
27 Zircon Sand, Nigeria 17 
28 Zircon Sand, Austra1i l7 
29 Zircon, ~rom Monasite 12 
Travancore, India 
30 Zircon from Monasite 13 
Brazil 
31 Zircon from Monaeite 13 
India 
32 Zircon from Monasite 12 
Brazil 
33 Hyacinth, transparent 12 
red, Esponilly 
France 
34 Hyacinth, Eaponilly 13 
35 A~vite, Kragero,Norwayl2 
36 Alvite, South Norway 17 
37 A~vite, Kragero 13 
Christiana 
38 Cyrto1ite, Bedford 12 
New York 
39 Cyrto1ite, Rockport 15 
40 Cyrtolite, Bedford 15 
••••••••••••••••••••• 
• • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • 
••••••••••••••••••••• 
• • • • • • • • • • • • • • • • • • • • • 







Zr02:63.7J Hfo2 :1.3 •• 
Zr02:62.3; ~02:2.7 •• 
• • • • • • • • • • • • • • • • • • • • • 
Fe203:0.62; 8102:33.23 
Hf02:1.S; Zr02 :64.23 
{Zr,Hf,Th,Be) 02.Si02 
nH2 o •• 
• • • • • • • • • • • • • • • • • • • • • Zr02:34; Hf02:l6 ••••• 
R2Y3 (zr,Hf) (8102 ) ••• 
R is Ce,Fe,Ca 
• • • • • • • • • • • • • • • • • • • • • 
••••••••••••••••••••• 
41 Cyrtolite 13 Zr02:40; Hf02 :9 •••••• 
42 Cyrto1ite, Rockport 12 ••••••••••••••••••••• 
Ro clq>ort, Mass • 


































TABLE I (Continued) 
Description Ref. Formula or Analyses H:f/Zr 
(b:£ wt l 
44 ~aeon, Hittero 14 MgO: 0.70; Ca.0:0.4l; 
Fe203:4.93; 8102:22.53 
Yao3&ee2 o3 :o.o9; 
U308:0.33; zro2 :62.78 
Hf02:5.0; H20:1.84 •••• 0.0911 
45 Ma.lacon, Ahi-Kamba.na 17 • • • • • • • • • • • • • • • • • • • • • • 0.198 
Madagascar 
46 Eudialyte, Greenland 12 Na13(Ca,Fe)6C1(Si,Zr)2oO.Ol88 
Na.rsarsuk & 052······ 0.0136 
Kangerdluarsuk 
47 Eudial.yte, Norway 12 •••••••••••••••••••••• 0.0544 
Barkevik 
48 :Eudial.yte, Naraarsuk 15 •••••••••••••••••••••• 0.0273 
49 Eudial.yte, Greenland 13 Mn0:0.42; Ca0:10.57; 
Mg0:0.15; Na20:15.90; 
Ce,Pr,Nd,La2 o3 :2.7; 
Fe0:5.54•••••••••••••• 0.0152 
50 Euco1ite 12 Na13 (ca,Fe)6 c1 {Si,Zr)20o52 •• 0.0188 
51 Eucol.ite, Kola 15 •••••••••••••••••••••• 0.0249 
52 Eucol.ite, Norway 13 Si02:48.88; Mn0:0.52 
Ca0:10.63; K20:l..24; 
Na20:8.80; Hf02:0.7; 
zro2 :l4.47; Fe0:7.27J 
Ce,Pr,Nd,La2 o3 :2.7 •••• 0.0554 
53 Catapl.eite,Green1and 12 (Na2 ,ca)o.zro2 .3sio2. 
2H20 •••••• 0.01091 
54 Catapleite, Norway 12 •••••••••••••••••••••• 0.01091 
55 catapleite, Narsarstikl5 •••••••••••••••••••••• 0.0189 
56 Catapleite,Greenland 13 Si02:44.70;H20:9.0?; 
Na2 0:l4.09;Zr02 :30.65; 
Hf02 :0.2;Fe0:0.71 ••••• 0.0074'7 
57 El.pidite, Greenland 12 N~o.zro2 .ssio2 .3H2o •• 0.01127 
Na.rsarsuk 
58 El.pidite, Greenland 15 K20:0.l3;Hf02:C.4; 
Narsarsuk Ca0:0.17;Na2 0:10.4l; 
cuo.sp.;Cl:O.l5; 
Si02:59.44;Ti02:Sp.; 
zro2 :2o.sa •••••••••••• 0.0228 
59 Thortvetite, Norway 12 (Sc,Yt)2 Si207••••••••• 0.286 
Ivel.and 1.575 60 Thortvetite, Norway 14 •••••••••••••••••••••• 
Unneland 
10 
TABLE I (Continued) 
Description Ref. Formula or Analyses Hf/Zr 
(by wt) 
61 T.hortvetite, Norway 15 ••••••••••••••••••••• 0.290 
Ivel.and 
62 Thortvetite, Norway 15 Zr02 :o.8;Hf02:1.1.... 1.575 Unnel.and 
63 T.hortvetite, Norway 15 Zr02:1.2;Hf02:2.o.... 1.91 
Iveland 
64 Thortvetite,Befanamo 15 Zr02 :2.2;Hf02 :1.8.... 0.936 Madagascar 
65 Befanamite, 12 Sc2Si207••••••••••••• 0.880 
Madagascar 
66 Zirke1ite, Ceylon 12 (CaFe)0.2(Zr,Ti,T.h)02 0.02205 
67 Zirke1ite, Ceylon 14 
68 Po1ymignite,Norway 12 
Frederiksvarn 
69 RosenbusChite,Norway 12 
Langesund 
70 Wohlerite, Norway 
Barkevik 
71 Woh1erite, Norway 
Langesund 







74 Naegite, Mino, Japan 12 
75 Na.egi te, Naegi, Japan l2 
?6 Thalenit, osterby 15 
77 Schluchsee, Acid 15 
78 SChluchsee, Basic 15 




Zr02 :51.67;Ti02 :14.95 0.0266 
5R~io3 .5RZr03 .R(Nb,Ta)2 
o6and R is Ce,ca,Fe 0.02362 
6CaSi03 .2Na?Zr02 • 
F2Ti(Si03){Ti03)••••• 0.01737 






Zr02 :17.55;Hf02 :o.?; F~2.80;Cb205:12.80; 
H2 0:0.26••••••••••••• 
Zr02 :.Si02 with Yt, Th,Nb and Ta •• 
••••••••••••••••••••• 
















TABLE I (Continued) 
Description Ref. Formula or Analyses Hf/Zr 
(by wt) 
80 Nalgite, Mino,Japan 13 Y2 o3 :9.12;Cb2o5&Ta2o5 ; 
7.69;U02 :3.03;Hf02 :7 Si02 :20.58;Zr02 :48.3; 
Th02:5.01 ••••••••••••• 0.166 
81 Pyrochlor, Alno 14 Nb2o3 :58.82;H:f02about 
O.l;Na2 0:3.44;Ca0:16.75 
K20:1.4l;Th02:0.41; 
Fe0:-4.2;Ce2 o3 :3.99; 
Zr02 :2.80;Ti02 :0.4l.. 0.0409 
REFERENCES FOR TABLE I 
12. Lee, o. Ivan, The Mineralogy of Hafnium, Chemical 
Reviews 5, PP• 17-37, February 192S~ 
13. Revesy, George von, and Jantzen, Valdemar Thal, The 
Hafnium Content of Zirconium Ores, J. ahem. Soc. ~23, 
3218-23, ( 1923). 
14. Hevesy, G. v., and Jantzen, v. T., Uber den Ha~niumge­
halt von Zirkon-Minera1ien II, z. anorg. allgem Chem., 
136, 387-92, (1924). 
15. Hevesy G. v., and WUrstlin, K., Uber das Haufigkeitsver-
hal tnis Zr/Hf' and Niob/ Tan tal., Z. Physik Chem., 1~9A, 
605-14, ( 1928). 
16. Troger, E., Der Geha~t an seltenern Elementen bei Erup-
tivgeeteinen, Chem. Erde 9, 286-310, (1935). 
17. Pra.ndtl, v!., Mayer, G., Buttner, L., Uber die Trennung 
von Hafnium und Zirconium., z. anorg. a1lgem Chem., 230, 
419-26' ( 1937). 
18. Kostyleya, E. E., Khim. Refera t. Zhur. 4, No. 6, 30, 
( 1941). 
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III ID!THODS OF DETERMINING THE HAFNIUM TO ZIRCONIUM RATIO 
Methods of analysia used to determine the ratio of 
hafnium to zirconium have been limited until recently to the 
7 
X-ray method of Hevesy and Coster. The method proposed by 
19 11 
Classen and later extended by Larsen is one in which the 
l.l) 
1.9) 
Classen, A., z. anal. Chem., 117, 252-61 (1939) 
Larsen, E. M.; Fernelius, W. C.; Q,uil.1, L. L., Ind. Engr. 
G.hem. Ana1. F~. 15, 512-15 (1943) 
sel.enates of the two metals are precipitated, dried, and 
weighed, ignited to the oxides and weighed. The ratio of 
hafnium to zirconium then may be calculated or a determina-
tion of the density of the combined oxides may indicate ~e 
ratio of hafnium to zirconium, but these methods have been 
2 
shown to be unsatisfactory by a more recent method. Photo-
metric methods involving the use of hydroxylanthraquinone 
20 
and alizarin have not proved successf'ul. The specific rota-
2o) Liebh&lek,Y, H. A. and Winslow, E. H., J. Am. Cham. Soc., 
60 1 1776-84 (1938) and 69 1 1130-4 (1947) 
tion of a tartrate complex of the oxyChl.oridee of the meta1s 
21 
has been shown to vary with the Hafnium to Zirconium ratio 
21) De Boer, J. H. and Emmens.,11, Rec. trav. @hfm. 49,955-
61., {1.930) 
but the effect of the presence of excess alkali has been 
h 22 s own to make this method undependab1e. 
22) Wernimont, G. arid De Vries, T., J. Am. Chem. Soc. 57, 
2386-7 (1935) 
13 
A quantitative method of separation baaed upon selec-
tive precipitation in various nitric acid concentrations by 
23 
m-nitrobenzoic acid has been proposed. This method has not 
23) Osborn, G. H., Analyst, 73 1 381 {1948) 
been checked for hafnium because of the lack of pure hafnium 
but it is probable that it would be unsuitable for obtaining 
hafnium to zirconium ratios because of the errors in quanti-
tative methods due to the similarity of hafnium and zircon-
ium in chemical reactions. 
The most recently perfected method of obtaining the 
hafnium to zirconium ratio is the spectroChemical deter.mi-
24 
nation by the porous cup technique as developed by Feldman. 
24) Feldman, c., The Spectrochemical Determination of Hafnium 
to Zirconium Ratios, ORNL 183 and 131, Oak Ridge Natl. Lab., 
Oak Ridge, Tenn. 
This is the method whiCh was employed to obtain the hafnium 
to zirconium ratios for the ores examined in this investiga-
tion. 
IV EXPERIMENTAL WORK 
A. Determination of Specific Radioactivity of the Ores 
Figure n illustrates the arrangement of equipment used 
to measure radioactivity. Ores from Florida and Oregon, Aus-
tralia, Brazil and India used in this investigation are shown 
in the group to the left with the original 0.5 gm samples 
used in the determinations placed on planchettea before the 
Figure li 
AF.PJd\I"Gm.ffiNT OF COUNTING EC:~UIPI..rENT SHOVTING 
AUTHOR INTRODUCING PLANCHETTE INTO SLIDING HOLDER 
14 
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containers. Dies designed by the author to make 1/16 by 1 
inCh inside diameter planchettes from inexpensive household 
aluminum foil. are shown in the center foreground. Also shown 
in the center foreground is a thyrode counter tube, type 
LB85, made by the Victoreen Instrument Company, identical to 
the one inside the lead shield Geiger assembly near the cen-
ter of the illustration. The counting assembly consists of 
three parte: (a) the outer lead shield having a ~ickness 
of about 1.5 inChes, open in the front and having a circular 
opening in the rea.r ~a.rge enough to pennit the entrance of 
~e high potential cable to the Geiger tube, (b) the inner 
holder consisting o·f an aluminum box fabricated from 0.25 
inCh thick a1uminum held together by means of brass screws 
and having inside dimensions of 2 by 5 by 3t inches, (c) 
the Geiger tube held rigidly ~thin the aluminum housing and 
connected to the scaler by means of a high potential cable. 
The aluminum box or holder assembly contains a sliding sam-
ple ho1der having a 1 inCh diameter hole centered 1.5 inah 
from the front of the box when in place. There are two sets 
of grooves in the sides of the bo·x which may be used to posi-
tion the samp1e farther away from the tube or introduce ab-
sorbing plates. The author is Shawn introducing one of the 
p1anChettes into ~e receptacle of the slider. The Nuclear 
Corporation Sce.l.ing Unit, type 161, used throughout this in-
vestigation is shown in ~e rear. It is connected to the 
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Figure Ila 
EFFECT OF J:iJm.ffiER OF COUNTS UPON PROBABLE ERROR 
TABLE II 
16 
PROBABLE ERROR AS A F1JNCTION OF TOTAL NU1113ER OF COUNTS FROM: 
A GEIGER COUNTER 
Total Probable Percent Total Probable Percent 
Counts Error Error Counts Error Er:ror 
1 1 100 100 10 10.0 
4 2 50 121 11 9.1 
9 3 33 144 12 8.3 
16 4 25 169 13 7.7 
25 5 20 196 14 7.1 
36 6 17 225 15 6.7 
49 7 14 256 16 6.3 
81 9 11 900 30 3.3 









PLATEAU CURVE FOR A VICTOREEN TYPE ll385 




DATA FOR DETERMINATION OF GEIGER TUBE PLATEAU 
USING 0. 5 gm SAMPLE OF COOS BAY ORE 
Volts Initial Reading Readings-10 Min. Basis 
Coos Bay Sp1. ]Background Coos Bay Background Net 
t* n* e* t n e n e n e n e 
800 31 130 11.4 173 510 22.6 41 4 29 1 11 5 
850 26 1013 31.4 26 644 25.4 390 1.2 248 10 142 22 
875 27 1096 33.2 24 620 25.0 406 12 258 10 148 22 
900 30 1167 34.2 26 677 26.1 389 11 260 10 129 21 
925 31 1282 35.8 53 1376 38.5 414 12 260 7 154 19 
950 72 2948 54.3 30 771 27.8 409 8 257 9 152 17 
975 22 935 30.6 78 1984 44.6 425 14 254 6 171 20 
1000 31 1276 35.8 28 726 27.0 412 12 259 10 153 22 
t indicates time in minutes 
n indicates number of counts 
e indicates maximum probable error 
to an Auxiliary Recorder, type 73511, supplied by Central 
Scientific Company sho\vn on top o:f the lead shield. Exact 
details of the electronic circuit may be obtained :from the 
manufacturer and are not included in this report. 
19 
1\~r. G. '\vagner of the 11etallurgical Engineering Depart-
ment kindly fabricated the sheet metal covering and poured 
the lead~for the lead shield. Mr. o. F. Rhea of the Meehan-
ical Engineering Department fabricated the aluminum holder 
unit and drilled the cable inlet and shaped the face of the 
lead shield. 
25 
Friedlander and Kennedy state that the probable maxi-
25) Friedlander, G., and Kennedy, J. w., ~P 209-212, Intro-
duction to RadioChemistry, John Wiley and Sons, Inc., New 
York (1949) 
mum error for a large count may be represented by the equa-
tion E2 - N where E is the probable error and N the total 
count. Figure IIa with Table II illustrate the effect of in-
creasing the total count upon the percentage probable error 
based upon this formula. It may be seen that a total count 
of over 400 is necessary to maintain an error of less than 5%. 
A further investigation of the background as shown in Tables 
IV and V, which would be expected to give the lowest count 
revealed that a period of 60 minutes gave a count of about 
1400 with a probable error of 38 counts, or maximum probable 
error of about 2.8%. It ~:Jas decided that any longer count-
ing period would be unjustifiable since an excessively long 
period would be necessary for counting the wamp~es and 
20 
TABLE IV 












ON TWO ORES 
Pocos de Caldas Ore 
Net Counts 
Total Counts Counts per Min. :Background per Min. 
11* e* n e n e n e 
1672 40.9 22.9 0.56 
5102 71..5 255.]. :3.5 22.9 0.56 232.2 3.6 
5232 72.5 261.8 3.7 22.9 0.56 238.9 :3.8 
5185 72 259.2 :3.6 22.9 0.56 2:36.6 :3.7 
Average 235.8 3.7 
:Brazil Zirkite 
1406 3'1.6 23.4 0.62 
3733 61.2 186.7 3.0 23.4 0.62 163.3 3.1 
3666 60.7 ].83.:3 :3.0 23.4 0.62 1.59.9 3.1 
5633 7'5.2 18'7' .6 2.5 2:3.4 0.62 1.64.2 2.6 
4418 61.5 184.1 2.8 23.4 0.62 160.7 2.9 
Average 1.62.0 2.9 
n* denotes number of counts for 0.5 gm sampl.e of ore 
e* denotes probab1e maximum error 
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TABLE V 
DATA ON SPECIFIC RADIOACTIVITY OF 0.5 gm SAMPLES OF ORES 
Time Total. Count Background Net Count % Error 
{min.) per min. per min. per min. 
n* e* n e n e 
Background 56 ~352 36 24.14 0.64 
Fl.orida 60 34.2 o.a 24.2 0.6 10.0 1.0 10 
Coos Bay 63 40.6 0.8 24.2 0.6 16.4 1.0 6 
Indian 54 38.4 o.a 24.2 0.6 14.2 1.0 7 
Australian 63 36.6 0.8 24.2 0.6 12.4 1.0 8 
Pocos de 
Ca.l.das* 20 235.8 3.7 2 
Brazil* 25 162.0 2.9 2 
Std.Zr02 48 27.4 0.7 24.2 0.6 3.2 0.9 28 
n* indicates the total count for the Background sample, 
counts per minute for all other samples 
e* indicates error baaed upon original. count 
* Pocos de Caldas and Brazil Ore va1ues are averages 
:from Ta.bl.e IV 
22 
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Feldman has stated that the accuracy of his spectroChemical 
analysis is about 2.5%. 
25 
Fried1ander and Kennedy suggest the use of the for.mula 
E2 is the sum of E12 and E2
2 to calculate the probable maxi-
mum error E in net counts from a s~ple from the error in 
background counts E1 and error in total counts E2 • This for-
mula was used to calculate the error in net counts recorded 
in Tables IV and v. 
An operational potential of from 900 to 1000 volts was 
recommended by the manufacturer for the tube used in this in-
vestigation. An examination of the effect of potential upon 
total counts from 800 to 1000 volts using a reference sample 
of 0.5 gm Coos Bay Ore gave the results tabulated in Table 
Ilia and shown in Figure III. The tube gave no counts at a 
potential of 750 volts. A higher potential than 1000 vo1ts 
was deemed inadvisable since previous experience showed that 
the tube life was greatly shortened by operation above this 
range. A standard operational potential to be used in later 
work of 950 vo1ts was chosen as the most suitable voltage. 
Errors in the net count are calculated as additive rather 
than by using the method of Kennedy as previously stated for 
simplicity and are somewhat higher. 
An investigation of the reproducibility of the results 
to be obtained was undertaken by making several count deter-
minations for periods of from 20 to 30 minutes upon the Pocos 
de Caldaa Ore and the Brazil Zirkite Ore. The results of this 
examination is shown in Table IV. 
23 
Using a tube potential of 950 volts, 0.5 gm samples of 
ores from Florida. and Oregon, Australia., Brazil, a.nd India 
,.,ere examined in 1" diameter 11lanchettes :placed within the 
lea.d shield. The results of this examination is sho\.m in 
Ta.ble V. 
B. Separation of Zirconium and Hafnium fror.tl Ores 
In order to determine the zirconium. to hafnium re,tio in 
the ores it vra.s necessary to separate the combined hafnium 
and zirconium from the at her elements of the ores for spec-
trogre_.phic analysis. 
A review of analytical procedures presented in SCOTT'S 
STA}IDARD 11fETHODS OF CHJ:Il:!IGAI_; ANALYSIS, Vol. 1, D. Van Nostrand 
Co., Inc., ga.ve several methods of putting the sample into 
solution, namely, fusion with sodium peroxide, soaium hydrox-. 
ide, sodium peroxide and carbon, potassium acid fluoride, or 
borax followed by digestion in either hydrochloric acid or 
sulphuric acid. The copper aJnd tin groups are precipitated 
\.·Tith hydrogen sulphide in slightly acid solution and filtered 
off and the iron, chromium, e.luminum, manganese, zinc, nickel, 
cobalt a.nd some of the a.lkali metals and earths are :preciJ>i-
tated vli th hydrogen sulphide in a. basic solution after tar-
taric acid has been added to complex the hafnium and zirconium 
to keep it in solution. 
The method finally adopted for this investigation is out-
lined in Table VI. 
TABLE VI 
OUTLINE OF METHOD USED 
TO SEPARATE MIXED HAFNIUM AND ZIRCONIUM FROM ORES 
1. Weigh out duplicate 1 gm representative samples of the 
ore. 
2. Prepare a nickel crucible by coating its inner sur face 
with 10 gm of sodium carbonate by fusing, cool, then 
cover the bottom with about 1 gm sodium peroxide. 
3. Transfer sample to the crucible, cover with about 3 gm 
sodium peroxide and mix, add about 1 gm more peroxide 
to blanket the Cha~ge, 
2 4 
4. Fuse, mix by gradually increasing temperature to a dull 
red heat over a Meker burner. Avoid violent effervescing 
or boiling over by gentlY rotating while heating slowly. 
5. Inspect charge. I:f there is evidence that the ore ha.s l 
not dissolved, add 3 gm port ions o:f peroxide a.nd repeat 
:fusions until it is dissolved. 
6. Cool melt and break into small pieces. Transfer to a 
800 cc beaker and cover with about 40 0 cc distilled water 
containing 8 to 12 cc concentre.ted HCl. Heat to dissolve 1 
keeping covered with a watchglass to avoid losses due to 
escape o:f C02• Neutralize with HCl as soon as possible, 
using litmus paper or phenolphthalein as indicator. Add 
8 to 12 cc of HCl so that the acid norma lity is about 0.3. 
7. Bubble H2s into the solution to precipitate Ag, Pb, Hg, 
As, Sb, Sn, Au, Pt, Mo, Bi, Cu, and Cd. 
25 
S • Add 8 gm te_.rta.ric a.cid to the acid solution which has 
been filtered from the precipitate. It is advisable to 
filter by decantation and centrifuging the precipitate 
before filtering if there is a large amount of precip-
i ta.te. 
9. Neutralize with concentrated NH4oH. If iron is present 
in a reduced sta.te it is advisable to bo~l the acid 
solution with nitric acid before neutralizing. Add an 
excess of ammonium hydroxide until it is perceptible 
by smell. 
10. Bubble H2s into the solution to precipitate Fe, Al, Cr, 
Co, Ni, MD, zn, and possibly some Mg, Ca., Sr, Ba, K, 
Na, or NH4 if the solution is very basic (undesirable) 
or there is a high concentre.tion of any one of them 
~~a sodium)J the solution is cooled. If the nickel 
crucible used in the fusion was not well coated with 
sodium carbonate, the principal precipitate may be NiS. 
11. Filter by decantation. If large amounts of NiS is pres-
ent, time may be saved by centrifuging and washing the 
precipitate by decantation. Minimize oxidation by keeping 
the funnel full at all times if precipitate is present. 
A medium paper or Whatman No. 5 is suitable for filtering. 
12. Test filtrate for complete precipitation with H2s. 
Refilter if necessary. 
13. Filtrate should contain Hf and Zr as the tartrate com-
plex and Ti, Th, Rare Earths, Na, K, W, and v. 
14. Boil filtrate to remove H2s. Add concentrated sulphuric 
acid until soluti on is 10% sulphuric acid by volume. 
The volume should be about 400 cc. If volume is over 
600 cc evaporate to decrease volume. 
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15. Cool to 1ooc. Add a solution of 6 gm Cupferron (nitro-
sophenyLhydroxylamine) in 100 cc water until no more 
precipitate forms. About 250 co is usually adequate. 
16. A br i lliant white curdy precipitate indicates only Hf-
Zr have been precipitated. Reddish-brown precipitate 
indicates iron as an impurity, yellow indicates titan-
ium, milky white or streamers in the precipitate indi-
cates Vanadium, greyish color indicates copper present. 
The rare earths may be precipitated and not detected 
by the coloring of the precipitate. T.hey may be de-
termined by :fusing the mixed oxides :formed by burning 
the cupferron precipitate with potassium pyrosulphate, 
·dissolving in 10% sulphuric acid and precipitating 
with potassium hydroxide. The precipitate may be dis-
solved in HF. If a rare earth fluoride precipitate re-
mains it may be fumed to dryness with sulphuric acid, re-
dissolved in B£1, reprecipitated with ammonia, redissolv-
ed in HC1, evaporated to dryness and treated with hot 
5% oxalic acid. The oxalates are filtered and burned 
to the oxides. 
17. If a spectroanalysie for the Hf/Zr ratio : is to be deter-
mined the oxides need not be separated from the rare 
earths or any other trace materials. If the cupferron 
precipitate is white and curdy it wi11 contain Hf -zr. 
27 
possibly some alkali occluded (as Na) and Rare Earths. 
Filter the precipitate by decantation and wash with 1 
to 10 cold HCl. 
18. Transfer precipitate to a porcelain crucible (50 cc) 
and allow to dry. Care should be taken to prevent the 
material from becoming hot as it tends to boil and fume 
rather vigorously and may go over the top of the cruci-
ble if it is too small. Dry for several days. Heat 
slowly to decompose the cupferron and finally burn to 
the oxide. Test for the presence of alkali with phenol-
phthalein. Leach with ammoniacal water at first and 
then carefully with distilled water. Weigh in a pre-
viously ignited crucible to constant weight to obtain 
Hf-Zr as the oxides. 
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c. Determination of Hafnium to Zirconium Weight Ratio 
by Spectroscopic Technique 
The hafnium-zirconium oxide obtained from eaCh ore was 
brought into solution for the spectrochemical analysis as 
outlined in Table VII. About 10 co of the solution of each 
sample was sealed into glass bulbs and sent to Dr. Feldman 
24 
for analysis by the Porous Cup Technique. He states that 
the accuracy is about 2.5% for the range of hafnium to zir-
conium ratios encountered in this investigation. 
V RESULTS AND DISCUSSION 
Table VIII lists the results of the experimental work. 
The ratios of hafnium to zirconium are believed to be accurate 
within 2.5% except in the case of the Florida zircon which 
shows a marked discrepancy in the two ratios listed. The 
specific radioactivity ratios, as shown in Table V, are be-
lieved to be accurate within 2% for the Pocos de Caldas and 
Brazil ores. The other values are believed to be within an 
error of 10% varying with the activity of the sample. 
Table VIII also indicates, with Figure IV, that for ores 
having widely separated origins the hafnium to zirconium ra-
tio varied only from 10 to 23 parts per thousand. The spe-
cific radioactivity of the original ores varied from 10 to 
236 counts per minute per 0.5 gram. 
Table IV indicates that reproducible results could be 
obtained within the calculated probable maximum error. 
Greater accuracy cou1d have been affected in determining 
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TABLE VII 
PREPARATION OF TEE HAFNIUM-ZIRCONIUM SAMPLE FOR ANALYSIS 
BY THE FELDMAN SPECTROCHEMICAL POROUS CUP TECHNI~UE 
1. The Hf-zro2 mixture prepared by the cupferron separa-
tion from other constituents of the ore is fused with 
about 10 gm of potassium pyrosulphate in porcelain 
crucible. Gently reheat until all of the oxide is in 
solution. It will go into solution quite readily. 
2. The melt is dissolved in 200 cc hot 1% sulphuric acid 
after it has been cooled and broken up. 
3. 10% NaOH solution is added until precipitate just starts 
to form. BH4oH is added until all of the precipitate 
is brought down. 
4. The precipitate is allowed to settle and is filtered 
by decantation. The final dregs may be concentrated by 
centrifuging. Wash the precipitate with a few cc of 
ammoniacaJ. =.water twice. 
5. The hydroxides are dissolved in the smal.l.est amount of 
concentrated sulphuric acid possible and dil.uted with 
10% sulphuric acid until the metal concentration is 
approx~tely 1%. 
6. The solutions were shipped in hermetically sealed glass 
vials, containing approximately 10 co of the solutions, 
to Dr. c. Feldman, Oak Ridge National Laboratory, who, 
with the assistance of Mr. Gillespie, kindly analyzed 
them for the Hf/Zr ratio. The method consists brief1y 
o~ allowing the solution to pass through a porous carbon 
30 
cup which is one electrode of a carbon arc lamp to be 
volatilized in a uniform and reproducible manner. A 
combination of the optical spectral lines of Hf II 
2641.406, Hf II 2820.224, Zr 2761.911, and Zr II 2583. 
405 is photographed on a SAl fi~ for 180 seconds 
using an ARL-Dietert 1.5 meter grating having a disper-
sion of 7 angstroms per millimeter. The intensity of 
the lines are traced using a Leeds and Northrup micro-
photometer. The Hf/Zr ratio is obtained from a stand-
ard curve in whiCh a straight line plot of Log Hf/Zr 
light intensities has been plotted for known concen-
trations against Log Hf/Zr as a weight ratio. 
3l. 
the net count per minute f'or the first four ores listed in 
Table V by increasing the time of total count. This was 
deemed inadvisable however because the total counting t~e 
would have to be increased to !our hours to decrease the 
·errors by a factor o-r two. 
The percent of hafniwn and zirconium oxide in the ores 
appears to be irr,gular because little effort was made to 
quantitatively determine the o~idea where a large NiS pre-
cipitate was present and gave considerable trouble in filter-
ing. A11 of the cupf'erron precipitates were very white but 
the possibility of vanadium and rare earths being present 
could cause the percentages to be somewhat high. In two 
cases, lla and 14a, part of the ash from the cupferron pre-
cipitate was lost due to the wind blowing the dried filter 
paper out of the funnel. The oXides retained and forwarded 
for spectrophotometric determination of the hafnium to zir-
conium ratio were representative o:r the ore and differed 
only because of any deviation produced by the method of 
analysis given in Table VI. 
VI CONCLUSIONS 
Results given in Table VIII indicate that the hafnium 
to zirconium ratio of the zirconium ores investigated varied 
from .01 to .027. This is in strong contrast to some analy-
17 13 14 15 
ses obtained by Prandtl and He?esy ' ' who obtained 
some extremely high ratios as shown in Table I. It is in-
teresting to note that the hafnium to zirconium ratios ob-
taine~ by Prandtl varied from 0•192 to 0.199 for ores from 
FIGUBE IV 
MAP SHOWING THE SOURCE OF ORES USED IN ANALYSIS 
TABLE VIII 
COMPARISON OF SPECIFIC RADIOACTIVITY AND 
HAFl\fiUM TO ZIRCONIUM RATIO IN ORES 
32 
Sample % Zr-Hf02 Hf/Zr Specific Radioactivity 
'llla Florida Zircon 7.8 0.027 l.O.O 
llb Florida Zircon 23.18 0.020 
~ 12a Coos Bay Zircon sand 3.76 0.023 16.4 
12b Coos Bay Zircon sand 8.98 0.023 
•13a Indian Zircon sand 38.50 0.020 14.2 
13b Indian Zircon sand 22.74 0.019 
•14a Australian Zircon 1.86 0.019 12.4 
14b Australian Zircon 22.76 0.018 
\'15a Pocos de Caldas ore 1.64 0.013 235.8 
15b Pocos de Caldaa ore 1.27 0.013 
®16a Erazil Zirkite 34.90 0.010 162.0 
16b Brazil Zirkite 39.96 0.012 
17 ~tandard zro2 97.68 0.010 3.2 
0].8 Idaho Monadi te sand 
-----
_ ... ____ 
276.2 
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widely separated regions. It appears that we have found ~at 
Prandtl 1 s analyses are in error. 
2 
Dr. c. Feldman in a personal communication states that 
in many analyses made by him, a large hafnium to zirconium 
ratio as listed by earlier investigators has never been en-
countered. Entry 3, Table I, indicates 0.199 as a ratio of 
hafnium to zirconium in Sierra de Caldas ore as obtained by 
26 
Prandtl. Franco and Loewenstein state that their analyses 
26) Franco, R. R., and Loewenstein, w., The Am. Mineralogist, 
33, 149 (1948) 
of ores in this region indicate a hafnium to zirconium ratio 
from 0.01 to o.o3. our analyses gave a value of about 0.01 
as shown in 15 and 16 of Table VIII. 
Contrary to earlier investigators no correlation between 
the hafnium to zirconium ratio and specific radioactivity of 
ores was found. There was a general trend of greater activi-
ty for the lower ratios, a fact which is the reverse of a 
7 
generalization made by Heveay. We believe that no corre-
lation may be made between the radioactivity of an ore and 
its hafnium to zirconium ratio. There is also no correla-
tion between the hafnium content and the radioactivity of the 
samples inspected in this investigation. 
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VII INTRODUCTION TO PART II 
As has been stated previously, the necessity of obtain-
ing pure zirconium free of hafnium for structural use in atom-
ic piles makes the problem of separating the two elements an 
important one. If hafnium were available in a pure and abun-
dant form it would undoubtedly play a.n important role in the 
development of engines subjected to extremely high tempera-
tures. It is also evident that there may be other potential 
uses if our government is willing to invest one million dol-
lara in a development program for separating the two metals. 
VIII METHODS OF SEPARATING HAFNIUM AND ZIRCONIUM 
A survey of the literature shows a number of methods of 
separation of the two elements, all of which are rather lengthy 
7 
and involved. Hevesy used the recrystallization of the oxy-
Chlorides and ~otassium and ammonium fluorides as a method of 
obtaining spectroscopically pure hafnium performing as many 
as 650 crystallizations. Preferential precipitation of ha£-
27 
nium as the phosphate was listed early by Hevesy as a ne thod 
27) Hevesy, G. v., Chem. Ztg. 47, 346 (1923) 
28 
of separating the two metals. De Boer obtained 97% pure haf-
28) de Boer, J. H., z. anorg. allSem. Chem., 148, 345-50(1925) 
nium after 27 precipitations using a variation of this method. 
29 
Willard and Freund obtained pure hafnium by precipitating 5 
35 
29) Willard, H. H. and Freund, H., Ind. Engr. Chem. Anal. 
Ed., 18, 195-? (1946) 
to 6 times with triethylphosphate, requiring about 20 hours 
30 ' 
for each precipitation. Prandtl also precipitated ~nium 
30) Prandtl, w., German Patent No. 546 1 215; June ?, 1931) 
and zirconium enriched in hafnium by means of a soluble ferro-
cyanide in an alkaline solution. The Phillips Lampworks in 
Germany indicate that distillation of the tetraChlorides in 
the presence of PC15 gave the HfCl4 distilling in the lower 
temperature range (230-36) and the zrc14 and PC15 in the up-31 
per ranges (360-410). Hartman states that the ammonium hex-
31) van Arke1, A. E., and de Boer, J. H. for Naamlooze 
Vennootschap Phillips Gloeilampenfabricken, Dutch Patent No. 
15, 390; Feb. 15, 192? 
afluorides of hafnium, titanium, and zirconium are decomposa-
32 
ble in that order with hafnium the most decomposable. 
32) Hartman, s., z. anorg. allgem. chem. , 155, 355-7(1926) 
Zr(so4 )2 is decomposed more easily from 450 to 600'C 
than the hafnium sulpbate and the oxide may be leaChed from 
~e sulphate with water to separate the zirconium from the 
33 / 
hafnium. Thenoyltrifluoroacetone has been used to extract 
33) British Patent No. 219, 024, July 13, 1924 and 219, 327, 
July 18, 1923 for Phillips Lampworks. 
34 
the oxychloride o~ hafnium from zirconium in 2 M HC104 • 
34} Huffman~ E. H. and Eeaufait, L. J., J. Am. Chem. Soc., 
71, 3179-82 ~1949) 
36 
22 
M-nitrobenzoic acid has been proposed by Osborn as a 
specific precipitant for hafnium in carefully controlled con-
centration of nitric acid. The decomposition of the iodides 
to give hafnium deposited at 1750°C and zirconium at 1600°C 
by using a heated tungsten wire may 1ead to separation of the 
hafnium from zirconium if the wire upon whiCh the meta1 de-
posits is kept above 1600°C and a second wire serves to vo1a-
35 
tilize the iodides. A Dowex type resin has been used to 
35) Eritish Patent No. 260, 062, Aug. 7, 1925 to Phillips 
Lampworks 
adsorb hafnium and zirconium as the oxychloridee from 2M 
perChloric acid, elution with 6M HCl gave first higher haf-
36 
nium fractions and later higher zirconium fractions. 
36) Street, K., and Seaborg, G. T., J. Am. Chem. Soc., 70, 
4268 (1948) 
Similar work has been done with Dowex using a complex 
of the oxalate and fluorides for adsorption and eluting with 
a 0.5.M HF and l.aM HCl mix to give high hafnium concentration 
:37 
in the latter fractions. Hansen and Gunnar indicates a 
37} Kraus, K. A., and Moore, G.E., J.Am.Chem.Soc.71 1 3262 ( 1949) 
method of separation of hafnium and zirconium by adsorption 
of the ch~orides with silica gel in anhydrous methanol. 
Elution with 1.2M HC1 in metha.nol gave the hafnium rich in 
38 
the latter fractions. 
38 Hansen) R. H., end Gunnar K T Am 
( 
g, , • , "' • • 41581949 em. Soc.7 , 
37 
IX PROPOSED PROCESS FOR PRODUCING HfCl4 
An attra..ctive process for preparing a salt of hafnium. 
free of all. tra.ces of zirconitlln might \~Tell be based on an 
economic continuous process free from the hazards of fire. 
31 
Van Arkel and de Boer have investigated the prepara-
tion of ZrCl4 and HfCl4 by heating the oxides mixed with 
a molecular quantity of carbon· in a stream of anhydrous c12 
containing a small amount of cc14 • Hansen and Gunnar38 
recently reported that silica will preferentially adsorb 
HfC14 from a mixture of RfC14 and zrc14 in anhydrous meth-
anol. 
This new work suggested that a process of separating 
hafnium and zirconium might be based on adsorption by sil-
ica from some solvent superior to methanol. No theory has 
been developed to predict a solvent superior to methanol 
for facilitating the preferential adsorption of HfC14 in 
the presence of ZrC14 • Uoweve~, since there was no data on 
the use of cc14 for the purpose it was chosen for this in-
vestigation because it ia non-inflamable, is more similar to 
H:fCl4 than methanol and is less polar than methanol. 
Figure V represents a possible f'lo\tr proc,ess divided 
roughly into four parts: (1) A Chlorination unit for con-
version of a mixture of nafni~ and zirconium oxides into 
the chlorides, (2) a sludging unit in which the Chlorides 
are dissolved in cc14 , (Z) an adsorption unit in whiCh the 
hafnium is preferentiallY adso~bed by silica, and (4) a 
Cl ~ 



































stripping unit in whiCh the hafnium is removed with HCl in 
CC14 or some other suitable solvent. 
X EXPERIMENTAL WORK 
The experimental v1ork on the proposed process consisted 
of investigating (a) chlorination of the pure hafnium and 
zirconium oxides,(b) Chlorination of some of the ores pre-
viously studies, (c) the solubilities of the hafnium and zir-
conium Chlorides in carbon tetrachloride and (d) the separ-
ation of HfC14 and zrc14 dissolved in cc14 by silica using 
the radioactive tracer technique. 
A. Chlorination of Pure Oxides and Ores of Hafnium 
and Zirconium 
The apparatus used in the investigation of the Chlo-
rination process is shown in Figure VI. It consisted of a 
chlorine ta.nk (shown in the right background) from which 
Chlorine passed through a rubber tube to a trap to prevent 
the flow back of carbon tetrachloride into the chlorine 
tank. Next may be seen a bottle containing carbon tetra-
chloride through which the chlorine was bubbled to become 
saturated with carbon tetraChloride. Below is shown the 
Thermo Electric Mfg. Co. of Dubuque, Iowa, type Pyrometer 
used in checking the temperature of the furnace. Next may 
be seen a Eimer and Amend, Multiple Unit D. c. resistor type 
furnace within whiCh is mounted a quartz tube approximately 
1/2 indh in digmeter by three feet long. In the foreground 
resting upon a plate placed before the right hand control 
40 
Figu~e VI 
CHLORINATION APPARATUS FOR THE PREPARATION OF ZIRCONIUM AND 
HAF~~UM TETRACHLORIDE 
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resistor may be seen two porcelain boats approximately two 
inches long by 1/4 inch deep and 1/4 inch wide whiCh were 
used to hold the charge placed within the quartz reactor 
tube. To the left of the tube is shown an entrainment 
flask through which the chlorine gas was bubbled. Connec-
ted next may be seen a CaC12 drying tube and sulphuric acid 
drying tube. From these the c12 gas passed into the hood 
and was blown from the building. The sulphuric acid was 
used to eliminate entrance of moisture into the cc14 en-
trainment flask and the CaCl tube acted as a trap to pre-
2 
vent H2 so4 vapors from entering the CC14 flask. The effect 
of different heating rates on the quartz chlorination tube 
was first investigated. It was found that a temperature of 
from 850 to 950°C measured by a thermocouple inside the 
quartz tube resulted with the current full on. The quartz 
was not heated rapidly enough to cause breakage if turned 
full on and allowed to obtain maximum heat in about 30 
minutes without preheating. The results of heating zro2 
containing about 2% Hf02 under different conditions are 
shown in Table IX. In run one a zirconium oxide whiCh con-
tained some water was used but in the remaining runs the zir-
conium oxide used was first dryed by heating in a platinum 
crucible at about 850°C for four hours. Mr. Martin TisChler 
kindly made several chlorination runs on ores to determine 
the ease with whiCh the zirconium and hafnium Chloride could 
be formed for different times of chlorination. It was ob-
served that the Australian ore containing iron yielded a 
42 
TABLE IX 
YIELDS OBTAINED IN THE PREPARATION OF ZIRCONIID1 TETRACHLORIDE 
Run No. \veig;ht o:f Loss in Total Temp. Condition for 
ZrOl Weight Time Reaction (gm (%) (hr) (oc) 
1 1.0000 27.52 24 800 Pure Cl& and 
0.5000 26.22 24 800 hydrate 
0.2500 26.50 24 800 oxide only 
2 1.0000 8.42 12 950 Pure Cl~ and 
0.5000 7.62 12 950 dehydra ed 
0.2500 8.40 12 950 oxide only 
3 1.0000 99.73 24 950 Cl2 & CC14 0.5000 99.58 24 950 sugar, char-
0.2500 99.31 24 950 coal & dehy-
drated oxide 




PERCENT LOSS IN 'VJEIGHT BY CHLORINATION OF THREE ORES 
Time of Sample weishts Before Run Wt. of wt. of Loss 
Run and wt. of wt. of Carbon & Sample of 
size Sample Carbon Sample After Sample 
After Run Oxid.of 
(Min} 
Carbon 
(11esh) (sml (sml (m!!l (sml (~l 
60 A-*(40-100) 1.0000 0.8302 1.5818 1.0006 -0.06 
60 B* ( 40-100) 1.0000 0.8495 1.5144 0.8370 16.30 
60 I*(4Q-100) 1.0000 0.8333 1.5744 0.9996 0.04 
120 A(40-100) 1.0000 0.8235 1.5010 0.8446 15.54 
120 B(40-100) 1.0000 0.8202 1.0551 0.5183 48.17 
120 1(160-200) 1.0000 0.8236 1.4255 0.7090 29.10 
; 
180 A( 100-160) 1.0000 0.4399 1.1277 0.7418 25.82 
180 B(160-200) 1.0000 0.4489 0.5333 0.1802 81.98 
180 I ( 100-160) 1.0000 0.4059 1.3054 Sample Lost 
720 A(l60-200) 1.0000 0.3680 1.3947 0.6325 $6.75 
720 B( 100-160) 1.0000 0.4023 1.4601 0.0005 99.95 
720 I ( 160-200) 1.0000 0.4180 1.4443 0.3170 68.30 
* A denotes Australian zircon 
B denotes Brazilian zirkite 





Time in Hours 
Figure VII 
PLOT OF PERCENT LOSS IN WEIGHT BY CHLORINATION AS A FUNCTION 
OF TIME FOR THREE ORES CONTAI}ITNG ZIRCONIUM AND HAFNIUM 
residue of reddish color \tlhich became more pronounced with 
time of chlorination. The results of his \'lork is sho\';n in 
Table x. 
B. Solubility of Zirconium Tetrachloride and Hafnium 
Tetrachloride in Carbon Tetre .. chloride and the 
45 
Densities of the Solutions at Various Temperatures 
Solubilities of hafnium and zil."conium tetrachloride \\rere 
obtained using a sample of ZrC14 supplied by the 1-Ietallurgy 
Departm.ent and the product of chlorirJation of the radioactive 
Hf02 obtained in our previous stu.dy. The samples v1ere placed 
in a one liter and 250cc volumetric fla.sk with an excess of 
the material present and re-distilled cc14 was added. The 
solution vias thoroughly mixed, heated a.bove the temperature 
for which solubilities v.rere to be determined e.nd placed in 
thermostats set to control the temperature to within 0.5°C 
to 0. 03°C. The mixtures w-ere a.llo"1ed to stand from one to 
t\>JO da.ys vli th frequent shakings. 
Thirt,y cubic centimeter weighing bottles heated to con-
stant \veight by placing on an asbestos mat over a lvieker bur-
ner burning with a four inch flame \vere used in the solubil-
ity measurements. Twenty-five cubic centimeter quantities 
of the solution were transferred to the weighing bottles a.s 
quickly as possible, covered, and weighed on a precision 
analytical balance to within one mi1ligrem, as quickly as 
possible. This weight was used in density measurements. 
About 5 cc concentra.ted annnonium hydroxide was added to the 
46 
solution to precipitate the hafnium and zirconium and the 
liquid allowed to evaporate upon a sand bath. The ammonium 
chloride and, in the case of the radioactive hafniun1, the vo-
latile hydrocarbons and carbon, were driven off and brought 
to constant weight as :previously stated. The weight of haf-
nium and zirconium oxide \vas determined by difference in 
weights. Titration of the chloride in the solution, in or-
der to estima,te the zirconium solubility from the dissolved 
Chloride, using silver nitrate,with fluorescein as an indi-
cator, v1a.s unsuccessful. Table XI is a tabulation of the 
results of this phase of our work. Figure VIII 
show the same results in a different form. 
and . IX _. 
c. Adsorption of Hafnium Tetrachloride and Zirconium 
TetraChloride from Carbon Tetrachloride Solutions 
by Silica Using the Radioactive Tracer Technique 
To study the preferential adsorption by silica of haf-
nium tetraChloride over zirconium tetrachloride the radio-
active tracer teChnique was used. A stock solution of car-
bon tetrachloride in contact with an excess of hafnium181 
tetraChloride was prepared as a source of radioactive haf-
nium tetrachloride. 
The hafnium181 tetrachloride was prepared from hafnium181 
oxide supplied by the Atomic Energy Commission. A similar 
stock solution of non-radioactive zirconium tetraChloride 
and carbon tetrachloride was prepared. Various amounts, as 
Shown in Table.XII, of these stock solutions were mixed in 
4? 
TABLE XI 
SOLUBILITY OF ZIRCONiu~I TETRACHLORIDE AND HAFNI~I 
TETRACHLORIDE IN CAF~ON TETRACh~ORIDE AND THE DENSITIES OF 























































































* Values are for radioactive hafnium oxide as prepared by 
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Figure VIII 
VARIATION OF DENSITY OF SOLUTIONS OF 
ZIRCONIUM TETRACHLORIDE IN CARBON TETRACHLORIDE AS A 





gm. zro2 gm CC14 
X 105 4 




L f I 
' t 








SOLUBILITY OF ZIRCONIUM TETRACHLORIDE 
(expressed as zirconium oxide) IN CARBON TETRACHLORIDE 
AS A FUNCTION OF TEMPERATURE 
50 
six-inCh teat tubes containing known amounts of activated 
silica supplied by the Davison Chemical Corporation, Balti-
more, Maryland. The test tubes were stoppered with a cork 
covered with aluminum foil and allowed to stand with four 
intermittent shakings for 12 hours. One cc of each of the 
test tube solutions were added to four aluminum planchettes 
and allowed to evaporate. One cc of the original stock 
solution of hafnium tetrachloride was also placed upon a 
planchette. The mixtures were allowed to dry, under condi-
tions favoring the deposition of as uniform a layer of solid 
as possible. The radioactivity of ~1e original hafnium tetra-
Chloride solution was found to be very low by a preliminary 
determination and it was decided to add 5 more cc to the 
planChettes making 6 cc in all in order to increase the ac-
tivity and decrease the experimental error. The apparatus 
used was the same as discussed in Part I of this investiga-
tion. It was not previously stated that a Gallet Swiss 
movement stop watch #11, General Chem. Stockroom Issue 
measuring to 0.2 seconds was used to determine time in this 
investigation. It was wound at the beginning of each ob-
servation. The total count, counts p er minute and net 
counts per minute are listed for the samples in Table XII. 
Figure X is a plot of ti~ ese results. 
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TABLE XII 
RADIOACTIVITY OF CARBON TETP~CHLORIDE SOLUTIONS OF 
RADIOACTIVE HAF1ITU1Vl TETRACHLORIDE Al\JD INACTIVE ZIRCONITJ"M 
TETRACHLORIDE BEFORE AND AFTER CONTACT WITH ACTIVATED SILICA 
1* 2 4 5 6 7 8 
n# e n e n e 
Background · 1805 42.5 70 25.78 0.61 
100 none 4864 69.9 31 156.87 2.25 130.09 2.33 
75 15 
50 5 
5 none 4265 64.4 40 106.63 1.61 
5 none 3549 58.7 61 58.18 0.96 
80.85 1.72 
32.40 1.36 
10.04 0.83 25 
0 
5 15 none 4155 64.6 116 
6 none 3541 58.7 138 
Background 2234 48.6 92 
0.12 0.75 
100 10 0 0.500 1789 42.3 69 
2581 50.9 105 
1982 44.6 76 
5 1.ooo 3355 58.o 113 
2732 52.3 93 








26.08 0.59 1.80 0.79 


















5 15 1.ooo 2611 51.2 1.01 




Cc. of original radio. hafnium tetraChloride mixture 
Cc. of original zirconium tetrachloride mixture 
Grams of activa..ted silica used as adsorber 
Total counts 
Time in minutes for total count 
Total counts per minute 
Net counts per minute 
indicates number of counts 
indicates maximum probable error as the square root 
of the original total counts. Net counts are calcu-
lated by extracting the square root of the sume of 
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Figure X . 
RADIOACTIVITY OF CARBON TETRACHLORIDE SOLUTIONS OF 
RADIOACTIVE HAFNIUM TETRACHLORIDE AND INACTIVE ZIRCONIUM 
TETRACHLORIDE BEFORE AND APTER CONTACT ~TH ACTIVATED SILICA 
XI P~SULTS AND DISCUSSION 
The data. of Table IX indicate that the anhydrous zir-
conium tetrachloride conta.ining about 2% hafnium oxide may 
be successfully chlorinated at a. temperature of 950°c in 
the presence of carbon and carbon tetrachloride. Reaction 
is completed (99.6%) within three hours. The results of 
chlorination of several untreated ores of hafnium and zir-
conium are shown graphically in Figure VII. The results 
for the ores vary. The ores may not be expected to react 
as completely or readily as the purified anhydrous zircon-
ium oxide sample. 
It was found that the Bra.zilian zirki te could be 
converted to the chlorides by this simple chlorination 
process relatively rapidly and with good yields of the 
order of 99.9% in lees than 12 hours. 
The products of Chlorination were leaChed from the 
quartz tube by carbon tetrachloride and concentrated by 
means of distillation. They proved to be a mass contain-
ing the hafnium, zirconium, chlorine and carbon in a form 
of some organic compound and traces of ferric chloride 
formed as an impu~ity from iron in the qua.rtz tube. The 
melting point of the products which could be distilled 
53 . 
from the radioactive hafnium oxide chlorine .. tion had a 
melting point ranging from 131 to 137, indicating a mixture. 
The results of the density and solubilities measure-
mente are in general in agreement with expected accuracy. 
In Appendix A and B are presented analyses of the errors 
39 
in solubility and density as proposed by Livingston. 
39) Livingston, Robert, Physico Chemical Experiments, The 
MacMillan Company, pp. 21 {1949) 
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The order of error in solul1ili ty determination is about 33%, 
v1hich is undesirably high. This occurred because of the 
small solubilities and relatively large error in weighing. 
The error in density is of the order of 0.5% which may be 
attributed primarily to the error in volume measurement. 
The error in weighing does contribute a small amount to the 
total error. 
The low solubility of zirconium tetrachloride in 
carbon tetraChloride may suggest this method of separating 
hafnium and zirconium to be impractical when compared with 
results obtained using other solvents (a.e., Hansen and 
Gunnar, Op. Cit.). our solubilities indicate that about 
13,000 gal. of carbon tetrachloride would be required to 
dissolve one pound of zirconium tetra.chloride or ?,000,000 
gal. of a carbon tetrachloride solution of zirconium tetra-
chloride would contain one pound of hafnium tetrachloride 
(based upon 2% hafnium composition of zirconium ores). 
The lew er curve of Figure X shot'IS in a striking 
manner how effective silica is in adsorbing hafnium tetra-
chloride. Although only one gram of silica was used per 
twenty cubic centimeters of solution, from 84 to 99% of 
the hafnium tetrachloride present was adsorbed. An ex-
tended investigation of the specific adsorption of silica 
for hafnium as well as zirconium tetrachloride v.Jould have 
been underta.ken if more time had been available for this 
investigation. The upper curve of Figure X '\vas predicted 
55 
to have been a straight line connecting the va.lues for lOO~s 
and O% radioactive hafniwn tetrachloride. It is noted that 
the points for 25, 50 and 75% hafnium tetrachloride fall 
respectively 68, 48 and 16% lower than the predicted values. 
It is believed that this performance is due p rimarily to 
the adsorption by the glass test tubes containing the 
mixtures. The errors due to this effect in the 0 and 100% 
hafnium tetrachloride solutions would be negligible, except 
for the adsorption effect of the pipette used in transfer-
ring the solutions, since th,se solutions were transferred 
from the original stock solutions. Appendix C indicates 
that the maximum loss due to adsorption of the radioactivity 
by the zirconium oxide on the planchettes would be near the 
order of o.B%. This substantiates further the conclusion 
that the above mentioned deviation is due to the adsorption 
of the radioactive hafnium by the test tubes. 
The possibility of checkii~ the preferential adworp-
tion by silica of hafnium from zirconium tetrachloride by 
determining the weight of the zirconium tetrachloride in 
solution before and after adsorption by the silica was 
found to be impractical because of the low solubility and 
corresponding large percentage errors in weighing. 
XII SU11MARY A~ID CONCLUSIONS 
1. This investigation outlines a possible continuous 
production method starting with raw ore of preparing pure 
hafnium tetraChloride using silica as an adsorber and car-
bon tetrR .. chloride as a sol vent (see Figure V). 
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2. Conversion of the ores to the chlorides v1as found 
feasible and data was obtained from some 10 runs using car-
bon and carbon tetraChloride to facilitate cl1lorination. 
3. Approximate determinations of the solubility of 
zirconium tetrachloride in carbon tetraChloride was made. 
Zirconium tetrachloride '\•Tas found to possess a negative 
thermal solubility coefficient in carbon tetrachloride. 
Although the theoretical reasons advanced for choosing 
carbon tetrachloride as a solvent remain, the low solu-
bility of the zirconium tetraChloride limits its use in a 
silica adsorption process for separating hafnium and zir-
conium. 
4. Densities of the carbon tetrachloride solutions 
in zirconium tetrachloride were obtained at the same temp-
eratures as the solubility determinations (11°C to 61°c). 
5. Silica is found to adsorb hafnium very effectively. 
It is concluded that a separation of hafnium and zirconium 
might well be based upon the preferential adsorptive power 
of silica for hafnium tetra~~loride in an organic solvent. 
6. A firm conclusion on the practicability of~·»~­
ting hafnium from zirconium by the preferential adsorption 
on ai11ca requires further study. 
SAl'TLE CALCU Lt ... T IONS FOR TI::E PL OPAGAT ION 01, EP.E OR 
(1) Solubility • ' ·le i gr_ t zr o2 
\ .reight CC14 
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( 2) From Table XI, page 47, at a temperature of ll.8 5°C: 
,:!eight of ZrO..., 
(:..., 
is 0. 0030!: 0. 0010 g ram 
\'leig h t of CC14 is 39.7633 ± 0.1 gre.m 
s • 0.0030 : 0.0000755 gram zro2 per g ram CC14 39. 76!33 
( 3) 
(4)L)F ie defined as 
( op. cit. p 21) 
by Livingston 
( 5) T11.en 
E: 
( 6) And 
{7) Or 
E: 
t-\vt .zro2 ) 2 (o \ \rt • cc14 l2.t ( 1 l2 (~ \·rt. zro2 )2 (wt.cc1}) (wt.ccl4 
1 -v ( v t .z.ro2 (£\ V:t. CC14 >]f..{( Wt. CC14 (vlt .cc14 )2 
( \·:t • zro2 il 2 
( 8) Substi tuting 
E : 1 
4Q2 [o .oo3o( o .1)] 
2+ [4o( o. oo1)] 2 




16 0 0 
. . 




g ram zro2 per gram cc14 
( 11) Percent Error : o. 000025 { 100) :. 33% 
0.0000755 
APPENDIX B 
SAIJ?U~ CALCULATIONS FOR TirE PROPAGATION OF ERROR 
I N DENSITY DETEFJri NATION 
(1) Density is defined as weight by volume 
(2) Using the same illustration as in Appendix A, where: 









Volume is 25.00± 0 .1 cubic centimeters 
:0 c 39.7633 












Percent Error is 
(AW)2 + ~~~2 (.6V)2 
v 
~~~ v [25( Q,l >J 2 +[40(0.1 >] 2 
~ -y6.25+16 • . : 4.38 : 0.0070 ~ 
1.5905.± 0.0070 gram 





CALCULATION OF 'EFFECT OF ABSORPTION OF ZIRCONI~! OXIDE 
UPON RADIOACTIVITY ~ffiASUREMENTS 
Hf181 decays with the liberation of a;S-particle 72 
having an energy of 0.460 Mev and Ta181 as tabulated by 73 
Friedlander and Kennedy (Op.Cit. p 386). They also state 
that: 
Where Id is intensity after passing through 
absorber 
Io is intensity without absorber 
u is absorption coefficient 
d is thickness of absorber 
59 
If Id/I0 is equal to 0.5 which defines the half-thick-
ness of an absorber, dt. T.hen dt is equal to 0.693/u. 
From a plot of Energy in l~ev versus Range in mg/cm2 for 
40 
an aluminum absorber it is found tl~t the maximum range 
40) Glendin, L. E. Nucleonics, 2 , no. 1, 16 (1948) 
for 0.460 Mev~-particles is 130 mg/c.m2 • From a plot of 
ideal results by Friedlander and Kennedy (Op .Cit. p. 159) it 
is shown that the half-thickness of a ~-particle is about 
17% of its total range. Thus the half-thickness of a 
particle with an energy of 0.460 Mev in aluminum would be 
expected to be about (0.17) (130) or 22 mg/cm2 • 
Then (1) becomes 0.5 : e- 22u/p 
Where p is density in mg/am3 
Or -0.693 = -22 u/p 
(2) And u/p = 0.0315 cm2/mg 
Kennedy (Op.Cit. p. 159) also states that 
( 3 ) u/p : k Z/A 
Where k is a proportionality constant general 
for all elements 
Z is the atomic number of absorber 
A is the atomic weight of absorber 
For aluminum, (2) and (3) become 
( 4) And 
(5) For 
Or 
0.0315 = k 27/13 
k is equal to 0.0241 
40zr
90 u/p : 0.0241(90/40) 
u/p = 0. 0541 cm2 /mg 
60 
The densities of zro2 and Zr are 6.13 and 6.52 ~cm3 
respectively, as given by Hevesy (Op.Cit. Reference 7, 
p. 193-195). 
Then u = 0.0541(6.13) (1000) or 333 for 40zr
90 
(6) And Id = r 0 e-333d 
Six cubic centimeters of saturated zrc14 Solution con-
tains (0.000058) (1,5725) (6): 0.00055 gm zro2 where the 
solubility as zro2 is 0.000058 gm zro2/gm cc14 and the density 
is 1.5?25 gram ZrC14/cc as taken from Figures VIII and IX 
for a temperature of 25.1°0. 
The thickness of zro2 on a 1" diameter planchette, 
assuming a uniform layer of zro2 over the surface, is fig-
ured aa follows: 
Area is equal to 3.14(2.54)2 or 5.06 cm2 
4 
61 
0.00055/5.06 gives 0.000109 gm zro2 per cm
2 plan~~ette 
area. The thickness of the zro2 on the planchette is 
0.000109/6.13 or 0.0000177 em for a solution containing 
100% ZrC14 • 
To find the absorption effect of the maximum amount of 
ZrC14 possible in the mixture, (6) becomes: 
2.303 log(Id/I 0 ) = -333d 
Or log (Id/I 0 ) = 333(0.0000177) : -0.00257 2.303 
Or 1.99743 
Then Id/I 0 equals 0.992 or 99.2% of the total 
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